Molecular Configuration and Physical Properties of Polypeptides and Proteins
By C. H. BAMFORD, M.A., Ph.D. Courtaulds Limited, Research Laboratory, Maidenhead, Berkshire THE work which I am going to describe is mainly concerned with the configurations of the polypeptide chains in proteins-a theme which appears to run through all the complex variations of protein behaviour. There is no doubt that the chains in some proteins are folded; for example the globular proteins have approximately spherical molecules, and must contain chains with extensive folds. UJnder suitable conditions the chains may be "unwound", with the formation of thread-like molecules; the protein then loses its specificity, and belongs to the "fibrous" class.
The difficulties encountered in attempts to elucidate the nature of the folds by direct studies on proteins are formidable and are unlikely to be overcome until we have more H. knowledge of the details of the structures of the proteins. It seemed likely that some information about the ways in which polypeptide chains can fold could be obtained from an investigation of synthetic polypeptides, particularly those of high molecular weight. These substances have the same chemical backbone constitution (Structure I) as the chains in proteins, but the side chains (R) may be as simple as we please. Investigations of this kind, which have been in progress in our laboratories for the past two years, cannot be expected to provide a final answer to the protein problems, but they can help by producing useful hints.
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The initial observations were made with polarized infra-red radiation. The special value of this technique is that it permits the determination of the directions in space of certain chemical bonds in molecules which have some preferred orientation, e.g. those in a stretched polymer film, or a crystal. The absorption bands of particular interest for the present purposes are those associated with the NH and CO stretching vibrations and the NH deformation vibration. These are situated at about 3,300 cm.-', 1,650 cm.-' and 1,550 cm.-' respectively. Absorption is strongest when the electric vector of the incident radiation is parallel to the bond direction for the stretching modes and when it is perpendicular for the deformation mode.
This technique when applied to oriented films of poly-y-methyl-L-glutamate cast from m-cresol solution (I, R = -CH2CH2COOMe) (Ambrose and Hanby, 1949) showed that both the NH and CO bonds tend to be parallel to the main chain. This is shown by the results in Fig. 1 : the NH and CO stretching modes show "parallel dichroism", i.e. absorption is strongest when the electric vector is parallel to the chain, while the NH deformation shows perpendicular dichroism. Similar results also shown in Fig. 1 were subsequently obtained for films of a number of other polypeptides cast from m-cresol or chloroform solution (Ambrose and Elliott, 1951a) . These results indicate that these polypeptide molecules do not have the fully extended form shown in I, for in this case the NH and CO directions would be perpendicular to the chain axis. Ambrose and Hanby suggested that the chains are folded as in II; this is the simplest, but not the only, form of fold which is consistent with the infra-red observations. In it the polypeptide chain is bent to form a series of seven-membered rings, each of which is completed by a hydrogen bond. The rings and the side chains are nearly coplanar, so that the whole forms a ribbon-like structure. The NH and CO directions make angles of about 30 degrees with the main chain, in general agreement with the infra-red results. The identity period for this fold is 5*0 to 5-6A, depending on the length of the hydrogen bond, and there are two amino-acid residues in the repeat. We therefore refer to this as the a,, fold. Fig. 2 shows an X-ray photograph of an oriented film of poly-y-methyl-L-glutamate prepared from m-cresol solution. This is not the diagram which would be expected for a polymer consisting of extended polypeptide chains; the work of Astbury and his collaborators (e.g. Astbury and Street, 1931) shows that this would give reflections at 4'65A (equatorial) and 3-3 to 3 5A (polar) (see Fig. 5 ). Neither of these is present. Fig. 2 is consistent with a fibre repeat of about 5-5A, which agrees well with the a,, structure. Most of the reflections can be indexed in terms of an orthorhombic unit cell of dimensions a = 10-3A, b = 5 50A (fibre axis), c = 5-98A. The absence of a polar reflection at 5 5A should be noted. This would be expected if the molecule had the a,, structure, since the fibre axis is a twofold screw axis of symmetry. There are indications of the expected reflection at 2-75A, but the crystallinity is not sufficiently high to justify a definite conclusion. Similar results have been obtained with other polypeptides; the fibre repeats lie between 5-2 to 5-4A (Bamford, Hanby and Happey, 1951a, b) .
These folded polypeptide chains bring to mind the fibrous a-proteins of Astbury's keratin-myosin-epidermin-fibrinogen group, and in fact X-ray and infra-red observations on the two classes of compound show marked similarities. The same type of dichroism is observed in a number of a-proteins (e.g. keratin, myosin) and in the folded polypeptides (Ambrose, Elliott and Temple, 1949) . The X-ray photographs of two copolymers are given in Fig. 3 , and are superficially similar to that of unstretched wool (Fig. 4) .
Fibres of the a,, polypeptides show a further resemblance to those of a-proteins in that under suitable conditions they produce on stretching the p-modification, which consists of fully extended polypeptide chains as shown in I Happey, 1949, 1951a) . Fig. 6 is an X-ray photograph of a fibre of a 1: 1 copolymer of DL-p-phenylalanine and L-leucine, after stretching 116%. Equatorial reflections at 4865A, corresponding to the P phase, are clearly visible (see I), while the meridional arc shows that some unchanged all phase is present. Fig. 5 is an X-ray photograph of ,B-keratin for comparison.
A more convenient and fairly general way of preparing the P modification is to treat the all with anhydrous formic acid. It is interesting that formic acid is also able to convert a number of a proteins to fi, e.g. keratin, insulin, epidermin. Infra-red observations have confirmed that the new modification is the p form. The dichroic effects shown by the CO and NH bands are those to be expected for fully extended chains (see Fig. 1 ). It is convenient to notice here one feature of the infra-red spectrum which is very useful in practice. The actual positions of the absorption bands-particularly the CO stretching mode-are often slightly different in the a,, and p forms. This is clear from Fig. 1 . Thus it is possible to distinguish between the two without having to resort to polarized radiation, which necessitates the use of oriented specimens. A similar frequency shift is obtained with some proteins e.g. silk, which is discussed later. The a11-*f change is completely reversible; the P form is converted into the a,, by the action of most hydrogen bonding solvents other than formic acid, or in some cases by heating (see Bamford, Hanby and Happey, 1951a, b) .
When the a,, and p forms of a number of polypeptides became available it was of interest to see how far any differences in their physical properties could be correlated with the proposed structures. One major difference between the a,, and p structures is in the disposition of the hydrogen bonds. In the former they are all satisfied within each chain, while in the latter they link together neighbouring chains (compare structures I and II). This produces a striking difference in solubility Happey, 1950, 1951b) all polymers-those containing certain hydrocarbon side chains-are soluble in non-polar
liquids. An example is the 1: 1 copolymer of DL-p-phenylalanine and DL leucine, which readily dissolves in benzene or carbon tetrachloride. In these cases the p form is quite insoluble. This modification behaves in fact as a cross-linked polymer, which swells but does not dissolve; the cross links are clearly the hydrogen bonds. Moreover it has been shown that a comparatively small amount of the p form in a polymer which is mainly a,, is sufficient to produce insolubility in liquids which do not break hydrogen bonds. This result seems to provide evidence that in the soluble form all the hydrogen bonds must be intra-chain in character. It is important to notice that there is also direct infra-red evidence leading to the same conclusion (Ambrose and Elliott, 1951a) .
A remarkable analogy to this has recently appeared in the protein field. It has been shown that water-soluble silk, prepared by von Weimarn's method using lithium bromide (von Weimarn, 1926) , consists of undegraded fibroin in the a configuration (Ambrose, Bamford Elliott and Hanby, 1951) . The absorption spectrum is shown in Fig. 7 . The CO stretching frequency is at 1,660 cm.-', strongly suggesting an a configuration. On stretching these films, or treating them with alcohol or formic acid they become insoluble in water, and a new CO peak at 1,630 cm.-' appears. This indicates the formation of a P phase; a CO band in this position is characteristic of ordinary P silk (see Fig. 7 ). The transformation produced by these processes is by no means complete and again a small amount of P is sufficient to produce insolubility. A considerable amount of evidence has been collected which seems to show that the folded form of the synthetic polypeptides has the configuration It. The important question which now arises is whether this fold also occurs in proteins. This cannot be answered definitely in the absence of a complete structure determination; however the resemblances between polypeptides and proteins are often so marked that it seems likely that the a,, fold occurs in both. It has been suggested that the presence of the 5-15A polar arc in the X-ray photograph of porcupine quill and other fibrous a-proteins of the k-m-e-f group shows that the fold in these proteins is not the a,,. This argument does not seem conclusive; there are several possible explanations of the presence of such an arc which are compatible with the all structure. Moreover there is at least one example of a fibrous protein which does not show this polar arc-the muscle protein studied by Lotmar and Picken (1942) . This substance gives an X-ray photograph which is remarkably similar to that of Fig. 2. is 397 If there is a single a fold of general occurrence in proteins (and this is at present only conjecture) it will probably possess the following properties in addition to agreeing with the X-ray and infra-red evidence: (a) all the hydrogen bonds will be intrachain in character, (b) the folded form will be flexible, to allow for phenomena such as muscular contraction, and (c) there should be no large or awkward relative movements of side chains in the transformation a-fl, since this may be readily effected, and does not involve the rupture of cystine cross links when these are present, e.g. in keratin, or insulin. We believe that the a,, fold is the only one which satisfies these conditions, and we therefore regard it as the basic primary fold in proteins. Recent work has shown that a number of globular proteins have the a configuration (Ambrose and Elliott, 1951b) ; the spherical shape of the molecules shows, however, that extensive secondary folding of the chains, over and above the primary fold, must occur. The a,, fold, as Dr. Conmar Robinson has pointed out, is not only capable of secondary folding, but seems to be the only one that allows compact secondary folding in a plane to which the side chains are normal, without breaking of hydrogen bonds. This arrangement may account for some aspects of specificity. The primary fold is probably not specific.
The difference in the solubilities of the a and p forms of proteins might have important biological implications, since it is possible that the a-+fi change may be brought about by comparatively small changes in the nature of the environment.
The relative stabilities of the a and g forms of a protein are probably dependent inter alia on the size of the side chains, small side chains favouring the p form (as e.g. in silk). Thus. short sections of a protein chain containing a preponderance of short side chains might make the molecules particularly ready to assume a partly p and insoluble form. This in our view is the kind of process that Nature uses in fibre formation by silkworms and spiders, and the possibility that she has used it for other purposes provides an attractive field for speculation and experiment.
